Aims: To determine the repeatability of ocular surface sensitivity to mechanical stimulation using air stimuli and the effect of contact lens (CL) wear on sensitivity. Methods: Repeatability: 14 subjects (24-39 years) participated. Mechanical sensitivity to warmed (34˚C) and ambient (20˚C) air was measured for the central cornea (CC), inferior cornea (IC), and inferior conjunctiva (ICON). Measurements were taken on 12 days; six morning and six afternoon measurements. Differences between sites, time of day, and stimulus temperature were evaluated. CL wear: 10 subjects (22-30 years) participated. Measurements were taken at the same time of day, either following no wear, wear of a CL of oxygen permeability [Dk] . Differences between sites and wear conditions were evaluated. Results: Repeatability: Sensitivity varied between sites (p,0.01), time of day (p,0.05), and stimulus temperatures (p,0.01). There were no significant differences between days. Mean thresholds for eye temperature stimuli were; CC 64.4 (SD 28.6) ml/min; IC 84.6 (40.0) ml/min; ICON 120.6 (40.4) ml/min and for ambient temperature stimuli were CC 53.9 (16.0) ml/min, IC 59.0 (20.0) ml/min; ICON 72.6 (43.7) ml/min. CL wear: Sensitivity varied between sites and wear conditions (p,0.05). Conjunctival sensitivity was increased after wear of highly oxygen permeable CLs but unaffected by wear of low oxygen permeable CLs. Conclusions: The prototype gas aesthesiometer is able to repeatably measure ocular surface sensitivity and measurements are consistent with previously reported techniques.
O cular surface sensations arise from activation of sensory nerve afferents; corneal afferents are derived from the anterior ciliary branches of the ophthalmic division of the trigeminal nerve 1 and those supplying the conjunctiva have additional sources via the nerves of the lids, including the naso-ciliary, lacrimal, frontal, and infraorbital nerves. 2 Sensory axon terminals (''free nerve endings'') are present in the corneal and conjunctival epithelium. Electrophysiological studies suggest corneal sensory receptors show differential sensitivity to mechanical, thermal, and chemical stimulus modalities. 2 3 The contribution of each receptor type to different sensations at different locations is unclear.
The measurement of ocular surface sensitivity is a useful indicator of corneal physiology in corneal disease, 4 following refractive surgery, 5 during wound healing, and in contact lens (CL) wear 6 7 Historically, touch sensitivity of the ocular surface has been measured using a von Frey and later Cochet-Bonnet aesthesiometer, where a mechanical stimulus is delivered using hair or nylon filaments of variable diameter and length. [8] [9] [10] [11] The stimulus pressure applied is inversely proportional to the filament length, assuming a reproducible amount of bend in the filament. 12 Several drawbacks to this approach exist; the method is invasive, the minimum stimulus exerted may be suprathreshold, patient apprehension to a visible stimulus may influence the result, 13 ambient humidity and temperature influence the curvature and weight of the filament, 12 subject training is required and the accurate and repeatable positioning of the stimulus may be difficult to achieve. 14 Alternative approaches have been proposed to allow subthreshold stimulus delivery, to differentially stimulate corneal nociceptors, and to more precisely control stimulus characteristics and positioning. These include thermal stimuli delivered either using warmed saline 15 or a CO 2 laser aesthesiometer, 16 composite stimuli comprising both mechanical and thermal components delivered using controlled air pulses, 14 17 18 or chemical stimulation using capsaicin. 19 An air/CO 2 jet aesthesiometer has also been developed to allow stimulation of the ocular surface using distinct mechanical, chemical, and thermal stimuli. 20 Modifications have been made to this instrument to improve the precision of stimulus localisation, distance between the ocular surface and the instrument probe, stimulus delivery, and to refine the stimulus characteristics. 21 Regardless of the type of aesthesiometer used to measure ocular surface sensitivity, it is key to understand the limitations of the instrument, the stimulus characteristics, normative values, and the repeatability of measurements made.
The purpose of this study was to determine the repeatability of measurement of corneal and conjunctival sensitivity to mechanical stimulation using air stimuli delivered at eye temperature and at room temperature, using a modified Belmonte aesthesiometer and to measure the effect of short term CL wear on ocular surface sensitivity.
METHODS

Instrumentation
A modified Belmonte aesthesiometer was used for stimulus delivery 21 ( fig 1) . Briefly, the prototype instrument comprises two gas cylinders, one of medical grade compressed air and one of 98.5% CO 2 . The gas cylinders are connected via two pressure regulators and two unidirectional regulators to an electronic proportional directional control valve. This adjusts the flow of gas, producing mixtures with a controlled proportion of CO 2 and air. The final flow of the gas mixture is adjusted with a flow meter and supplied to the probe of internal diameter 0.5 mm, mounted in a non-contact tonometer (American Optical) housing. The probe contains a temperature controlling device (composed of a thermode, a servo-regulator, and a Peltier cell) that warms the flowing gas, and a three way solenoid valve to direct the output of gas. The effective temperature of the stimulus on the eye can be varied between room temperature (20˚C) and 34˚C. The temperature sensor provides feedback to maintain a steady temperature independent of air flow and ambient temperature. The effective on-eye temperature was calibrated across the range of available flow rates (fig 2) , for nominal temperatures of 20˚C and 34˚C. There was no significant temperature variation across flow rates (p.0.05) and there was no demonstrable reduction in temperature or increased variability with increased flow rates for 1 second and 2 second pulse durations. The stimulus temperatures were selected to provide a mechanical stimulus without a thermally cooling effect (34˚C) and a mechanical stimulus with maximum cooling effect (20˚C). Using the current instrument design without an additional cooling device, air pulses could not be delivered at temperatures lower than 20˚C.
During stimulation, the gas is transiently directed towards the tip of the probe by means of a pulse generator that changes the direction of flow in the electronic valve. This produces a pulse of gas in the tip of the probe with a defined duration, CO 2 concentration, temperature, and flow rate. Stimulus duration ranged between 1-3 seconds with a precision of 0.1 second. The optical range finder in the probe housing was modified to maintain an alignment distance between the probe and the eye of 4 mm. Two laser pointers assist with finding the correct working distance when stimulating non-reflective locations on the ocular surface and moveable fixation lights mounted on the instrument housing enabled alteration of stimulus location.
Using a flow rate of 240 ml/minute, using air at 34˚C with a 1 second pulse duration, the stimulus size at 4 mm from the probe was 0.5 mm central diameter corresponding to the region of highest pressure. The pressure profile across the cornea appeared to show a Gaussian distribution, with decrease in pressure outside this region. Disturbance in the fluorescein pattern on the eye was detectable in the surrounding region to a diameter of 1.5 mm. The effect of stimulus delivery for these conditions on the eye is shown in figure 3 ; however, the precise characteristics of the stimulus footprint on eye under a range of flow rate and temperature conditions are yet to be fully elucidated.
Subjects
For the repeatability study, 14 normal non-contact lens wearers participated. Subjects were 12 females and two males, with a mean age of 32 (SD 6) years (range 24-39). Ten subjects participated in the contact lens wear study. This group comprising five males and five females with a mean age of 24 (3) New South Wales ethics committee approval for the procedures was also obtained before the investigation.
Procedures
One second air pulses (flow rates 21-240 ml/min) with an on-eye temperature of either 20˚C or 34˚C were delivered to the right eye of each subject to the corneal apex (central cornea), to the inferior cornea at a position 2 mm vertically above a tangent to the inferior limbus, and to the inferior conjunctiva, 2 mm vertically below a tangent to the inferior limbus. The inferior cornea and conjunctiva were selected as being the regions potentially susceptible to the effects of exposure or tear film instability in contact lens wear or dry eye disease.
Thresholds to mechanical stimulation were determined by the method of constant stimuli and by using a logistic response function (Curve Expert 1.3, Daniel Hyams). Subjects were asked to respond verbally as to whether the stimulus had been detected or not. The flow rate corresponding to 50% positive response rate was determined (T 50 ). The order of presentations for different flow rates and ocular sites was randomised within each occasion, and a minimum of 1 minute was allowed between repeated stimulation of the same site, to limit summation or adaptation. Randomisation for temperature of stimulus presentation was not possible within occasions, since a 20 minute period is required for full equilibration following change of stimulus temperature. The subject was masked to the order of stimulus presentation, but not to location tested.
For the repeatability study, measurements were taken on 12 separate occasions, six in the morning (10 am plus or minus 1 hour) and six in the afternoon (3 pm plus or minus 1 hour). Temperature and humidity of the laboratory were recorded for each measurement. Mean (SD) humidity and temperature was 40.0% (8.3%) and 24.2 (0.6)˚C, respectively.
In the CL wear study, measurements were taken on three separate occasions, each in the afternoon. Stimuli were delivered as above; however, ocular sites for the right eye were examined with stimuli delivered at 34˚C only. On one occasion, subjects were tested without previous CL wear, and on the remaining two occasions, testing followed either 6 hours bilateral wear of disposable Etafilcon A lenses 
Data analysis
Analysis of variance (ANOVA) was carried out on the entire data set using time of day and day as within subject factors and location and stimulus temperature as between subject factors (SPSS for windows, version 10.0.07, Chicago, IL, USA). A multiple comparisons test with Bonferroni adjustment was used to determine differences between ocular sites. Coefficients of repeatability (1.966 within subjects standard deviation) were estimated for each ocular site.
One way ANOVA was carried out on the CL wear data to determine differences between CL wear conditions and a multiple comparisons test with Bonferroni adjustment was used to determine differences.
RESULTS
General results
Mean and standard deviations for T 50 measurements at each ocular site for the two stimulus temperatures for morning and afternoon measurements are shown in table 1.
Day to day and diurnal variability
The sensitivity data were seen to meet the assumptions for ANOVA, such that the data exhibited a normal distribution and the sensitivity measurements taken on different occasions showed similar variance. ANOVA revealed no significant difference in sensitivity between days (p.0.05, power to detect differences was 0.52). Time of day significantly affected sensitivity for the central and inferior cornea for stimuli delivered at 34˚C (p,0.001), with higher sensitivity found for afternoon measurements. Conjunctival sensitivity was unaffected by time of day and all measurements taken at 20˚C did not demonstrate diurnal variations. The majority of variation in sensitivity measurements occurred between subjects and coefficients of repeatability ranged between 16-36 ml/min (table 1). In general, better repeatability was observed for afternoon measurements and for the lower stimulus temperature.
Ocular site and stimulus temperature ANOVA showed significant differences in sensitivity between ocular sites and between stimulus temperatures (p,0.01, table 2). Sensitivity for low temperature stimuli was higher than for the eye temperature stimuli. Post hoc testing showed that corneal sensitivity was significantly higher than conjunctival sensitivity (p,0.01); however, differences between the central and inferior cornea were not significant.
Effects of short term contact lens wear
The sensitivity data were seen to meet the assumptions for ANOVA, such that the data exhibited a normal distribution and the sensitivity measurements for different conditions showed similar variance. However, there were interactions between ocular site and lens factors, hence one way ANOVAs between lens wear conditions were carried out for each site. Table 3 shows the summary data for each site and lens type. Lens wear conditions did not affect corneal sensitivity; however, there were differences in conjunctival sensitivity between wear conditions (ANOVA, p,0.05). The conjunctiva was significantly more sensitive following wear of Lotrafilcon lenses compared to either no lens wear or Etafilcon lens wear (p,0.05).
DISCUSSION
This study reports for the first time, the repeatability of ocular surface sensitivity to mechanical stimulation of the ocular surface, using air stimuli delivered at eye and room temperature using a modified Belmonte aesthesiometer and the effects of short term contact lens wear on ocular surface sensitivity. Diurnal variations in sensitivity were shown for both inferior and central corneal locations, with a higher sensitivity demonstrated in the afternoon compared to the morning for stimuli delivered at eye temperature. Diurnal variation was not observed for measurement of conjunctival sensitivity or for any stimuli delivered at room temperature. The diurnal variation in central corneal sensitivity in the present study was 13% compared with 28% in a study using the Cochet-Bonnet aesthesiometer. 22 Diurnal variation to stimuli delivered using an air jet aesthesiometer was 35% over a 24 hour period. 23 Reduced sensitivity upon awakening has been attributed to reduced oxygen tension at the epithelial surface during eye closure, and the degree of reduction in sensitivity is related to the duration of eye closure. 24 Animal studies have shown that a similar relation and corneal sensitivity reduction following overnight eye closure appear to occur in conjunction with a reduction in corneal epithelial acetylcholine and choline acetyltransferase activity. 25 The conjunctiva is likely to be less susceptible to the effects of hypoxia because of its vascular nature; therefore, the lack of a demonstrable hypoxia induced diurnal variation in mechanical sensitivity is not unexpected. However, the power to detect diurnal variations in conjunctival sensitivity was low in the present study.
Day to day variations in corneal and conjunctival sensitivity were small using this technique. There were no significant differences in mechanical thresholds between days and no obvious learning effect occurred; however, the observed power to detect differences was small (0.20 to 0.52). This lack of day to day variation is consistent with other gas aesthesiometry techniques. 18 26 Significant differences were shown between the ocular sites, with the cornea showing higher sensitivity than the conjunctiva. Multiple range testing showed that the site differences were significant only for eye temperature stimuli. Similar findings have been reported using comparable gas aesthesiometry techniques. 27 Site related differences have been demonstrated using the Cochet-Bonnet aesthesiometer, where regions of the conjunctiva have been shown to be up to 3 log units less sensitive than the central cornea. 11 28 However, the magnitude of the difference between the sites in sensitivity to air jet mechanical stimuli in the present study and in earlier reports 18 27 appears to be reduced in comparison. This may be the result of site related differences in the type and distribution of nociceptors and stimulus characteristics. Animal electrophysiological studies suggest that high pressure mechanoreceptors, which would be exclusively stimulated by a pure mechanical stimulus, tend to be located in the central cornea. 3 29 30 Human and animal ultrastructural studies have shown that corneal free nerve endings show structural and functional specialisation. 30 31 Ad fibres responding to mechanical stimulation have small receptive fields, elongated structure running parallel to the ocular surface, and exhibit directional selectivity. Conversely, polymodal receptors and low pressure mechanoreceptors with larger receptive fields are distributed throughout the cornea and conjunctiva. C fibres responding to polymodal stimuli run perpendicular to the ocular surface.
Differences in sensitivity between the ocular sites were not significant for stimuli delivered at room temperature in this study. Mechanical thresholds for stimuli delivered at ambient temperature were significantly lower than those delivered at eye temperature, which is consistent with previous reports. 20 
Limited
18 or no differences 32 in sensitivity between the cornea and conjunctiva have been reported previously for gas aesthesiometers delivering thermally cooling stimuli, which effect cooling of the tear film. Energy transfer from the underlying tissue to the tear film is detected by the sensory nerves. 33 Both the cornea and conjunctival sensory nerves appear to have high sensitivity to stimuli with both thermally cooling and mechanical effects (table 2) . Using a pure thermal stimulus, the cornea appears to be less sensitive than the conjunctiva. 34 However, the intensity of perceived sensation with suprathreshold thermal stimuli appears to be similar in the cornea and conjunctiva. 35 C fibres responding to thermal stimuli are found in exposed areas of the eye, such as the cornea, limbus, and bulbar conjunctiva and tend to have large overlapping receptive fields. 3 36 In ocular sites not exposed to external temperature changes, such as the sclera and episclera, sensory fibres appear to respond to change in temperature associated with increased or decreased blood flow. 37 It is conceivable that fibres in the limbus and conjunctiva have a similar role. Significant differences in threshold were observed between the two stimulus temperatures tested (tables 1 and 2). Thresholds were lower, indicating that the ocular surface was more sensitive to stimuli delivered at a lower temperature. This finding is entirely consistent with the expectation that lower temperature stimuli elicit both a mechanical and thermally cooling response, 18 26 through stimulating mechanical, polymodal and cold nociceptors and resulting in a lower air pressure being required to elicit a threshold response.
Short term wear of hydrogel and silicone hydrogel lenses in unadapted subjects appears to have no effect on corneal sensitivity in this study. Previous reports on the effects of short term wear in adapted daily contact lens wearing subjects have indicated that corneal sensitivity is either slightly reduced following 8-12 hours wear of hydrogel lenses 6 38 or shows no change. 39 The observed reduction has been attributed to corneal oedema causing a metabolic alteration. 6 38 One interesting observation not previously reported is the increased sensitivity of the bulbar conjunctiva following short term wear of silicone hydrogel lenses. A similar change was not observed with hydrogel lenses. Conjunctival and limbal sensitivity is mediated primarily through the low threshold mechanical and polymodal fibres. 2 In response to sustained mechanical pressure, unmyelinated C polymodal fibres will continue to fire, with an irregular tonic discharge. 36 It is conceivable that lenses of high modulus may provide a chronic low grade stimulus to the inferior ocular surface, possibly as a result of mechanical pressure or lens edge configuration effects; however, further study with a larger sample size is required to confirm this effect and to examine the impact of lens wear on regional conjunctival sensitivity.
In summary, the modified Belmonte aesthesiometer permits reasonably repeatable measurement of the mechanical sensitivity of the cornea and conjunctiva, Mechanical threshold measurements are consistent with previously reported techniques; however, we believe that this technique allows elucidation of mechanical fibre responses both with and without the influence of thermal component.
